Abstract Rationale: Despite decades of research specifying harmful effects produced by 3,4-methylenedioxymethamphetamine (MDMA; a principal component of 'ecstasy' pills), young people (and adults) continue to use it.
Introduction 3,4-methylenedioxymethamphetamine (MDMA) is a principal component of 'ecstasy' pills and is the second most frequently used illicit drug following marijuana. Among casual ecstasy users, 20% reported ecstasy-related problems and met criteria for abuse or dependence (Schuster et al. 1998) .
The unpredictable content of MDMA found in ecstasy pills (discussed below) has contributed to the challenge of characterizing users, though Parrot and colleagues have defined users as either light, moderate or heavy based on lifetime exposure (and frequency of use per week; Parrott 2005) . In humans, dependence on MDMA (Jansen 1999) appears to be the exception, not the rule, since the majority of individuals who abuse the drug do so intermittently.
The fact that patterns of MDMA abuse differ from other drugs, such as cocaine and methamphetamine, raises important questions regarding the design of preclinical models of MDMA self-administration, especially those utilizing rodents. An advantage of preclinical research is that the approach facilitates greater experimental control and presumably, permits researchers to offer more definitive conclusions regarding the effects of MDMA on brain and behavior. A common assumption is that preclinical findings can be used to model human consumption patterns and addictive potential of a drug. If this assumption is inaccurate, then it may be worthwhile for preclinical researchers to reconsider the manner in which they conceptualize rodent models of MDMA reinforcement.
To address this important issue, the principal objective of this review is to offer an analysis of published reports of rodent MDMA self-administration.
Drug discrimination, conditioned place preference (CPP), intracranial self-stimulation (ICSS)
The interoceptive stimulus effects of drugs have been predicted to be relevant to their reinforcing effects and have been measured in drug discrimination assays. MDMA reinforcement has been inferred on the basis of performance in CPP and ICSS paradigms. This information has been expertly reviewed elsewhere (Cole and Sumnall 2003) , though a brief summary is provided below.
MDMA engenders a discriminative stimulus and available data specify a role for both serotonin (5-HT) and dopamine (DA) systems in its effects. For example, the DA D 1 receptor antagonist SCH 23390, but not the DA D 2 antagonist eticlopride, attenuated MDMA drug discrimination (Bubar et al. 2004 ). The latter result confirmed the outcomes observed in a three-choice discrimination paradigm in which the DA D 2 antagonist haloperidol did not alter MDMA drug discrimination (Goodwin and Baker 2000) . In the same study, the authors found that the hallucinogen lysergic acid diethylamide (LSD) produced a near complete substitution for the MDMA stimulus, and that the 5-HT 2 antagonist MDL-100,907 partially blocked the MDMA cue (Goodwin and Baker 2000) . Of interest, a recent report demonstrated that stimulus generalization to MDMA occurred in the presence of cocaine (Khorana et al. 2004) , and these data may help to explain why MDMA is self-administered in animals previously exposed to cocaine (Ratzenboeck et al. 2001) .
MDMA has been shown to readily establish CPP in rodents (Bilsky et al. , 1990 (Bilsky et al. , 1998 . 5-HT and DA systems appear critical for this response since it is blocked by a DA uptake inhibitor (Bilsky et al. 1998 ) as well as the 5-HT 3 antagonist ondansetron . Other neurotransmitter systems may be important since the nonspecific opioid receptor antagonist naltrexone prevented acquisition of MDMA CPP (Reid et al. 1996) .
MDMA has been shown to dose-dependently lower the threshold and increase the response rate of medial forebrain bundle and nucleus accumbens electrical self-stimulation (Hubner et al. 1988; Lin et al. 1997; Reid et al. 1996; Rosecrans and Glennon 1987) . The nonspecific 5-HT receptor antagonist methysergide blocked the self-stimulation response-rate-increasing effects, but not the threshold lowering effects of MDMA (Lin et al. 1997) . In addition, the δ-opioid receptor antagonist naltrindole prevented the increase in MDMA-induced self-stimulation response rate (Reid et al. 1996) .
Drug discrimination, CPP, and ICSS assays are useful for determining some of the behavioral and rewarding effects produced by MDMA. Notwithstanding, intravenous (IV) self-administration is considered the most valid model predictive of the reinforcing effects of drugs and has been used with success to determine the abuse potential and pharmacological properties of several drugs of abuse in animals, including cocaine, heroin, morphine, and nicotine (Koob et al. 1994; Schuster and Thompson 1969) . As such, IV self-administration is the major focus of the current review.
IV self-administration of MDMA Preclinical investigators have sought to establish reliable patterns of IV MDMA self-administration in monkeys (Fantegrossi et al. 2002 (Fantegrossi et al. , 2004b and rodents. In this section, we review all published data (including our own novel findings) that reveal MDMA self-administration in rodents.
Zernig and colleagues
In the first report of MDMA self-administration in rodents (Ratzenboeck et al. 2001) , animals had to fulfill acquisition criteria for food-reinforced responding (100+responses/23 h on an fixed ratio (FR)-1 schedule) before implantation with IV catheters and being advanced to MDMA testing. MDMA was reported to be a reinforcer in 63% of animals tested. While novel, the report did not engender much enthusiasm since animals took only three to four infusions of MDMA during a 2-h session. The reinforcing effects produced by MDMA did not differ between drug-naive and cocainetrained rats. Additional data suggested that MDMA and cocaine produced distinct interoceptive stimuli in these rats.
De La Garza and colleagues
In 2002, we initiated a series of experiments in an effort to replicate and extend the findings of Zernig and colleagues. The outcome of these studies has been described previously in preliminary form (De La Garza 2004) .
Animals and surgery
The animal care and use committee of the Albert Einstein College of Medicine (AECOM) approved all protocols, and all experiments were conducted at AECOM. The experiments were conducted in accordance with the National Institute of Mental Health-"Methods and Welfare Considerations in Behavioral Research with Animals" report. AECOM is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Male Wistar rats (300-375 g; Charles River Labs, Charles River, NC) were individually housed and maintained on a 12-h light/dark cycle, with the light phase being 7:00 a.m. to 7:00 p.m. Room temperature was maintained at 23-25°C, and rats were allowed free access to food and water throughout all experiments. Animals were first trained to press a lever for sucrose pellets on an FR-1 schedule of reinforcement and subsequently scheduled for IV catheter implant surgery. The self-administration apparatus and experimental parameters have been described in detail elsewhere (De La Garza 2005) .
Results: experiment 1
In the first experiment, male, Wistar rats (N=5; Charles River Labs), were trained to press a lever for MDMA (0.75 mg/kg, IV) using an FR-2 schedule of reinforcement. Animals were tested for self-administration behavior once daily (Monday-Friday) for 3 h per session over a period of 5 weeks (24 sessions). The data revealed that average responding for the group was 3.6±0.4 infusions (inf) per session, with an average MDMA exposure of 2.7±0.4 mg per session per rat (Fig. 1) . Inactive lever pressing was of similar or greater magnitude to that of the active lever (data not shown).
Individual responses were consistently low in four of five rats. In contrast, responding that was initially low for rat W-1 increased considerably over time (Fig. 2) . In this animal, challenge with a lower dose of MDMA (0.375 mg/ kg) on session 25 resulted in a 100% increase in responding, and challenge with a higher dose of MDMA (1.5 mg/kg) on session 27 resulted in a 50% reduction in responding. On the basis of evidence showing that MDMA inhibits neuronal firing in raphe nuclei by stimulating 5-HT 1A autoreceptors (Sprouse et al. 1989) , and that MDMA generalized to a 8-OH-DPAT (5-HT 1A agonist) discriminative stimulus (Glennon and Young 2000) , we investigated the effects of 8-OH-DPAT on MDMA responding. 8-OH-DAT preexposure (30 min prior to test) on session 31 completely eliminated responding at 0.1 mg/kg, s.c., and was without effect at 0.01 mg/kg, s.c. on session 33. The potential role of 5-HT 1A receptors in mediating this reinforcement behavior is questionable since the 0.1 mg/kg dose altered baseline locomotor activity and is predicted to have interfered with responding. Given that this experiment consisted of only one animal, this cannot be considered adequate for establishing the role of 5-HT 1A receptors in MDMA-mediated reinforcement. Recent evidence suggests that the reinforcing effects produced by MDMA are more likely mediated through 5-HT 2A receptors (Fantegrossi et al. 2002) , though we were unable to test that hypothesis in this group of animals.
Discussion: experiment 1 A number of important findings emerged from this preliminary study. First, we replicated, to some extent, the findings in the original rodent study (Ratzenboeck et al. 2001) , showing that rats self-administered approximately three infusions of MDMA per session (group average over time). Second, in one animal, MDMA served as a reinforcer. Overall, however, the pattern of responding for MDMA in this group of rats was not consistent with that observed for drugs like cocaine.
Experiment 2
We noted somewhat profound behavioral effects of the 0.75 mg/kg IV dose, including flat body posture and forward locomotion, which prompted us to consider a lower dose of MDMA that might prove more efficacious as a reinforcer and less prone to disrupt behavior.
In the second experiment, male Wistar rats (N=15, 300-375 g) were trained to press a lever for MDMA at 0.375 mg/kg, IV. For sessions 1-8, animals were tested during the inactive phase of their light/dark cycle ( session) to very low (0.5/session). Responding that exceeded five responses per session was observed in only 2 of the 15 animals tested (<15%). Rats were classified as high or low responders based on a median split of average infusions administered per session (data not shown), though this analysis did not reveal unique profiles of responding.
We also tested animals during the active phase of their light/dark cycle (Fig. 3 , cycle: dark) and extended the duration of access from 3 h to include the entire 12-h cycle. Beginning on session 9, responding increased to 9.3±1.3 inf/session during the next 7 sessions. A substitution test with a lower dose of MDMA (0.1875 mg/kg) on session 16 elicited approximately 50% of previous responding (5.3±0.7), contrary to our expectation that it would result in increased responding. Responding for the full dose of MDMA never returned to pretest levels. On sessions 24 and 25, substitution tests with saline engendered mean responses of 4.5±0.9 and 1.8±0.6, respectively. Animals did not return to pretest level responding during subsequent sessions (sessions 26 and 27). Attrition occurred during the experiment and was largely the result of blocked catheters. As a whole, responses during the active portion of the light/dark cycle (sessions 9-27) were greater in magnitude (5.5±0.6/session) though the rate of responding (∼0.5 inf/h) was lower than the shorter session open circles), or during the active portion of the dark/light cycle (cycle: dark, sessions 9-27: filled circles). Substitution tests with MDMA (0.1875 mg/ kg, IV: gray square) and saline (1 mg/ml, IV: gray circles) are also shown specified in Experiment 1 (∼1.2 inf/h). Because of the longer access period, the mean dose exposure was higher for these animals (2.1±0.3 mg per session per rat). Inactive lever pressing in this experiment was of similar or greater magnitude to that of the active lever (data not shown).
Discussion: experiment 2
The end result of this experiment was largely similar to the first, with responding for MDMA that did not exceed saline and therefore does not provide conclusive evidence establishing MDMA as a potent reinforcer in rodents.
Overall, this outcome is in agreement with other researchers who have stated that MDMA has rewarding properties but is only a weak reinforcer (Cole and Sumnall 2003) .
Schenk and colleagues
In 2003, Schenk and colleagues published a report demonstrating MDMA self-administration in drug-naïve and cocaine-exposed rodents, highlighting the addictive potential of MDMA (Schenk et al. 2003) . Similar to our approach, drug-naïve rats received 26 daily tests, and group sizes and doses tested were comparable. Halving of the training dose (in an effort to increase responding) was used by these researchers, as in our experiment, though with dissimilar outcomes. The outcomes of this study included very low inactive lever responding, and dose-dependent responding for MDMA. In a subsequent report, Schenk and colleagues reported on the role of DA in MDMA self-administration and hyperactivity (Daniela et al. 2004) . In this report, the training dose of MDMA was 1.0 mg/kg and experiments were conducted daily during 2-hr tests sessions. As before, the outcomes of this study revealed dose-dependent responding for MDMA.
The experimental procedures described by Schenk and colleagues are distinct from those specified in the current report, and these may contribute to the unique profiles of responding (Table 1) . These include a long infusion time, no time out, and sessions that are generally long during acquisition (6 hr). These procedural differences might not be trivial. For example, it is well-established that cocaine self-administration is dependent on infusion time, with shorter infusions being associated with increased selfadministration behavior in animals and increased subjective effects in humans (as compared to long infusions) (Nelson et al. 2005; Samaha and Robinson 2005) . While rapid infusion rates may increase self-administration of cocaine, it is possible that slower delivery of MDMA is integral to its ability to serve as a reinforcer in rodents.
McGregor and colleagues
In 2003, a novel report highlighted the importance of temperature on the reinforcing effects produced by selfadministered MDMA (Cornish et al. 2003) . The authors reported a shallow dose response for MDMA responding, and inactive lever pressing data and acquisition data were not shown. The principal finding was that hot temperature (30°C as opposed to 21°C) increased the number of MDMA infusions self-administered by rats. The data indicate that hot temperatures altered both the social and reinforcing effects of MDMA. All data shown were conducted in male, drug-naïve animals D dark, FR fixed ratio, L light, NS not specified
Other approaches to measure reinforcement
In a recent report, Zernig and colleagues highlighted the limited data available on the reinforcing effects of MDMA provided in lever-pressing operant conditioning procedures . They specified that "we have been approached by several colleagues who tried, in vain, to replicate our [previous] results (Ratzenboeck et al. 2001) ..." [and that] "this was a matter of concern for us." As a result, they investigated MDMA reinforcement in rats using a runway procedure, originally developed by Ettenberg (Geist and Ettenberg 1990) . In this paradigm, the faster that a rat runs to obtain an injection is predicted to reflect the reinforcing effects of the drug. In the report, MDMA (1 mg/kg, IV) served as a positive reinforcer in male Sprague-Dawley and Long Evans rats, though differences were apparent in the onset and offset of effects between strains. In Sprague-Dawley rats, by the fifth trial (after exposure to five doses of 1 mg/kg MDMA), the reinforcing effects had diminished and approached levels similar to that produced by saline (which may reflect tolerance that developed as a result of repeated exposure).
In contrast, at this point, Long Evans rats continued to respond for MDMA.
Concerns about current models of rodent MDMA self-Administration
No animal model of self-administration can ever be expected to be a perfect replica of the human disease condition (abuse or dependence). Yet, it is important to address and eliminate as many potential differences to obtain as accurate a representation as possible. Differences between rodent models and human use patterns include frequency of dosing and dosage exposure, routes of administration, tolerance that develops to MDMA after repeated exposure, polydrug use in humans but not by rodents, limits on the repertoire of behaviors that can be exhibited by rodents undergoing IV self-administration procedures, and the question of neurotoxicity as it relates to models of self-administration.
Frequency of dosing and dosage exposure
Unlike rodent models that routinely employ once daily selfadministration sessions, humans do not typically consume MDMA with the same predictable frequency. Parrott (2005) has separated users into three broad categories: Novice, Moderate or Heavy. These categories distinguish users on the basis of average dose of ecstasy consumption on a given occasion and highest number of ecstasy tablets used in 1 week. This effort is an extension of previous work which separated users according to lifetime use: Low (1-99), Medium (100-499), and High (500+; Fox et al. 2001) . The newest data reveal that the significant majority of all users [novice (100%), moderate (84%), and heavy (62%)] consume 1-2 tablets of ecstasy on any given occasion.
This corroborates a previous report indicating a mean consumption of 1.8 tablets on a Saturday night (Parrott and Lasky 1998) . Based on the assumption that ecstasy pills contain 70 mg MDMA on average (see below), the mean consumption by a 70-kg human is approximated to be 1.8 mg/kg. This estimation raises an important question: How does this value compare with the results of rodent models of MDMA self-administration?
The data in Table 1 reveal that studies by Zernig, De La Garza, and McGregor resulted in daily dosage exposure comparable to a dose of MDMA (1.5 mg/kg) which has been shown to produce a number of subjective effects in humans (Liechti et al. 2000) and is the same dose selfadministered by monkeys (Fantegrossi et al. 2004b) . In contrast, the daily infusion quantities reported by Schenk and colleagues (17.5-25 mg/kg; Daniela et al. 2004; Schenk et al. 2003 ) are 10-15 times greater than other rodent studies (and that observed in monkey studies and in humans) and are similar to dosage exposure for paradigms previously demonstrated to induce neurotoxicity (see below). Importantly, studies by Zernig, De La Garza, and McGregor resulted in daily dosage exposure comparable to the dose of MDMA used in CPP and drug discrimination studies in rodents (1.5 mg/kg; Glennon et al. 1992; Schechter 1987 Schechter , 1991 .
MDMA pill content Chemical analyses of ecstasy pills reveal considerable variability in MDMA content, and the World Health Organization has concluded that ecstasy is a generic term for a wide range of compounds. In one report, researchers showed that 63% of ecstasy pills contained some MDMA or 3,4-methylenedioxyamphetamine (MDA), 29% pills contained drugs other than MDMA or MDA (including dextromethorphan, caffeine, ephedrine, pseudoephedrine, and salicylates), and 8% pills contained no identifiable drug (Baggott et al. 2000) . MDMA content in ecstasy pills range from 0 to >140 mg. Of interest, average MDMA content per pill has dropped during the past three decades from >100 to ∼70 mg (Parrott 2005) . Attempts to equate human ecstasy consumption with IV MDMA selfadministration in rodents is plagued by the uncertainty of the impact of other compounds on the propensity of humans to self-administer the drug, potential neurotoxicity, tolerance, and other factors.
Route of administration
One potential concern is that the route of administration used in self-administration studies (IV) is dissimilar to the conventional route of consumption used by humans (oral). In fact, parenteral administration (a manner other than through the digestive tract, including IV or intraperitoneal injection) of MDMA has been predicted to increase toxicity two to three times as opposed to oral intake, and the importance of route and frequency for MDMA has been discussed previously (Ricaurte et al. 1988 ). For example, 2.5 mg/kg MDMA given orally once every 2 weeks for 4 months did not alter 5-HT and its primary metabolite (5-HIAA) in monkeys, though similar doses given intraperitoneally have been clearly associated with neurotoxicity (Vollenweider et al. 1999) . The importance of route remains questionable, however, since it has been specified that these two routes of administration produce comparable effects in rodents (Ricaurte et al. 1988) .
Of interest, there is evidence that MDMA is abused via the IV route in humans. For example, 28% of an IV drugabusing sample reported that they started injecting MDMA because they developed significant tolerance to MDMA via the oral route ).
Tolerance to MDMA Tolerance is a common response to repeated use and can be defined as a reduction in response to the drug after repeated administration. This holds true for the subjective effects of MDMA, which have been reported to diminish after repeated exposure in humans (Parrott 2005; von Sydow et al. 2002; Zernig et al. 2003) . The characteristic reduction in subjective efficacy upon repeated exposure has led some to predict that MDMA would not become a drug of abuse (Shulgin 1986 ).
Tolerance has also been reported in preclinical models, including studies performed in monkeys, in which the reinforcing effects of MDMA were attenuated as a result of chronic MDMA self-administration (Fantegrossi et al. 2004b) . In contrast, cocaine-maintained behavior remained stable over equivalent time periods, indicating that tolerance after repeated MDMA is not simply a non-selective response decrement. In one model of MDMA self-administration (Ratzenboeck et al. 2001) , maximum response rates for MDMA were reported to be higher during a second dose response determination as opposed to the initial dose response determination. In these distinct cases (and likely applicable to the human condition), tolerance may be manifest as decreased responding when a drug loses its reinforcing effects and desire for the drug diminishes, or increased responding as a compensation for these changes in an effort to obtain equivalent positive reinforcing effects.
In the study by Zernig and colleagues (Ratzenboeck et al. 2001) , the dose at which maximum responding occurred remained the same for individual animals, and only the rate of responding increased. On the basis of pharmacological considerations detailed elsewhere (Zernig et al. 2004) , the change in shape of the MDMA dose-response curve is suggestive of tolerance to the rate-decreasing effects of MDMA (i.e., not due to a reduction in reinforcing effects produced by the drug).
Limits on the repertoire of behaviors that can be exhibited
Humans that exhibit tolerance to ecstasy (greater doses of the drug are needed to achieve the same effects) are more likely than not to switch to other drugs. In the absence of an alternative reinforcer (e.g., cocaine on a third lever) or increased cost (more lever pressing) animals are, for all practical purposes, limited in the repertoire of behaviors they can elicit (animals simply choose to administer the drug or not). Moreover, in rodent MDMA models used to date, there are no negative consequences associated with continued use. This information would be very valuable since it would indicate persistent drug-taking behavior in the presence of environmental adversity (compulsive behavior; Vanderschuren and Everitt 2004) .
Polydrug use history in humans
An important difference between preclinical studies and human patterns of ecstasy consumption is polydrug use (Cole and Sumnall 2003) . A number of reports indicate that college-aged ecstasy users are more likely to use marijuana, engage in binge drinking, and smoke cigarettes (Gross et al. 2002; Strote et al. 2002) . Marijuana exposure likely contributes to a number of prevalent psychobiological symptoms, including psychosis, reported by MDMA users (Milani et al. 2005; Parrott 2004 Parrott , 2005 . For alcohol, a recent preclinical report revealed that MDMA-ethanol interactions may have specific long-term consequences on presynaptic modulation of hippocampal 5-HT release, which is not necessarily related to MDMA-induced depletion of 5-HT (Cassel et al. 2005) . The authors speculated that the psychopathological problems reported by ecstasy users drinking alcohol are unlikely to be the sole result of the consumption of MDMA.
Given this information, self-administration models in nonhuman primates are especially advantageous (and very likely preferential) for use since these animals are more likely than not to have extensive drug self-administration histories, including past exposure to other stimulants (Fantegrossi et al. 2002 (Fantegrossi et al. , 2004b Lile et al. 2005 ).
Schedules of drug delivery
As specified previously, drugs with high reinforcing efficacy should be expected to maintain behavior across several distinct operant conditioning schedules [progressive ratio (PR), fixed and variable intervals, etc.] and behavioral paradigms. It is well-established that FR schedules provide information regarding the potency of a drug as a reinforcer (Woolverton and Johanson 1984) , and when using (pseudo)irreversible antagonists, drug efficacy can also be determined (Zernig et al. 1997) . While this procedure has been used with success in models examining other stimulants (e.g., cocaine and amphetamine), MDMA self-administration has not been tested using PR schedules (or other operant conditioning schedules) in rodents.
An additional, and more stringent, test will determine if animals that self-administer MDMA exhibit behaviors that resemble key diagnostic criteria for addiction. This has recently been addressed in rodents that self-administer cocaine, and "addiction-like behavior" was present only in a small proportion of subjects (Deroche-Gamonet et al. 2004) . In this study, addiction criteria included difficulty stopping drug use or limiting drug intake measured as persistence of cocaine seeking during a period of signaled nonavailability, motivation to take the drug measured using a progressive-ratio schedule, and continued use of the substance despite harmful consequences measured as the persistence of the animals' responding for the drug when drug delivery was associated with a punishment. The data showed that while all rats consumed similar quantities of cocaine during self-administration sessions (∼25 mg/kg), the number of animals that met zero, one, two, or all three criteria for addiction-like behavior was 41, 28, 14, and 17%, respectively.
Ecstasy is not a prototypical stimulant
Available evidence indicates that acute MDMA stimulates DA release, repeated MDMA induces behavioral sensitization and cross-sensitization to cocaine, MDMA substitutes for cocaine in a drug discrimination task, and that MDMA preexposure facilitates cocaine CPP and IV selfadministration (Cole and Sumnall 2003) . Despite these findings, MDMA is not a prototypical stimulant and does not possess the same addictive potential as stimulants like cocaine (Cole and Sumnall 2003) . This has been restated recently in work performed in monkeys, in which cocaine and MDMA functioned as reinforcers, but self-administration of MDMA occurred at fewer doses suggesting that the reinforcing efficacy of MDMA was less than cocaine (Lile et al. 2005) . Similar outcomes have been reported in rodents. For example, the maximum response produced by MDMA was only 35% of a dose of cocaine that previously engendered maximum rates of responding in rats under the same experimental conditions (Ratzenboeck et al. 2001 ). In addition, McGregor and colleagues also reported that MDMA maintained lower rates of self-administration than cocaine (Cornish et al. 2003) .
The question of neurotoxicity
Young people use drugs for purposes of experimentation, and a majority report that they use drugs to feel good and enhance social activities (Parks and Kennedy 2004) . A number of preclinical reports using MDMA have utilized regimens demonstrated to induce 5-HT or DA neurotoxicity. This is a flawed rationale, as the most relevant models of MDMA exposure should be based as closely as possible to known usage patterns in humans. As specified above, this estimate is ∼1.8 mg/kg/session.
In monkeys, a recent report revealed no significant differences in 5-HT, 5-HIAA, DA, or DOPAC between animals that self-administered the drug and control animals (Fantegrossi et al. 2004b) . Unfortunately, there are no equivalent reports of neurochemical or neurobiological changes associated with IV MDMA self-administration in rodents. Individual doses of MDMA (10 mg/kg, i.p.) have been shown to decrease 5-HT and [ 3 H]-paroxetine binding sites (which label the 5-HT transporter) in rats, while 5 mg/ kg was without effect (Colado et al. 1995) . Similarly, a single dose of MDMA (4-15 mg/kg, i.p.) dose-dependently decreased 5-HT and [ 3 H]-paroxetine binding sites in Dark Agouti rats, though lower doses (4 mg/kg, i.p.) were ineffective in inducing similar changes (O'Shea et al. 1998) . Also, recent evidence demonstrated that a dosing regimen of MDMA (7.5 mg/kg i.p., every 2 h × 3 doses) that depletes brain 5-HT did not alter 5-HT transporter protein expression or the distribution of 5-HT transporter between endosomes and the plasma membrane and did not produce detectable evidence for neurotoxicity (Wang et al. 2005) .
These studies serve as important references and indicate that the self-administration doses in the studies by Zernig, De La Garza, and McGregor are unlikely to have been associated with neurotoxicity, though this may have been the case in studies by Schenk and colleagues.
Summary and conclusions
The available evidence indicates that MDMA serves as a positive reinforcer in rodents, yet the absolute number of animals that exhibit this behavior are a small minority of all subjects tested.
While MDMA is not as potent a reinforcer as other drugs of abuse, the fact remains that young people and adults continue to abuse the drug. This begs the question of why a drug with low reinforcing effects would continue to be used at all. This behavioral output may reflect similar outcomes observed with other drugs (e.g., LSD), which do not have marked reinforcing effects, yet are still abused intermittently (Fantegrossi et al. 2004a) . Like LSD, MDMA has direct agonist effects at 5-HT 2 receptors, which contributes to its hallucinogenic properties (Aghajanian and Marek 1999) , as well as its reinforcing effects (Fantegrossi et al. 2002) . Similarly, tetrahydrocannabinnol (THC) is not readily self-administered in animal models, yet is abused by humans. The "transient reinforcing properties" of MDMA and similar drugs are a challenge for preclinical researchers who attempt to model human consumption patterns. Indeed, the sporadic nature of responding (with what appears to be tolerance and reduced responding) may reflect what Fantegrossi et al. (2004a) have dubbed, "mixed reinforcing and aversive effects" produced by the drug.
